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INTRODUCTION

1.1 Interstitial Cystitis
Interstitial cystitis is a chronic debilitating disease causing inflammation of the urinary
bladder. It is characterized by excessive urgency and frequency of urination, suprapubic pain,
dyspareunia and chronic pelvic pain in the absence of any identifiable cause (1, 2, 3). Onset of
the disease usually occurs between the ages of 30 and 70 years (19). It is a chronic disease that
persists throughout a person’s life and after years of remission and relapse, symptoms become
more severe and constant (1, 2). The pain can become so intense that it may impact personal and
professional aspects of a patient’s life (2). A population study in 1999, estimated the incidence
of interstitial cystitis to be approximately 52-67 per 100,000 cases in the United States. They
concluded that this estimate was 50% greater than previously reporter and 3-fold greater than
that reported in Europe (5). This clearly shows that interstitial cystitis is not a rare disease and
actually affects many people. Thus it is important to characterize this disorder to provide better
treatment and quality of life to patients.
It is not yet clear what causes cystitis and there are several theories that have attempted to
explain the etiology of the disease. One theory postulates that there is a decrease in the
glycosaminoglycan component of the mucin layer that covers and protects the bladder
urothelium. When this layer is compromised, potential irritating metabolites in the urine are
exposed to the urothelium thus causing inflammation (1, 2, 3, 4). Another theory comes from the
observation that patients with cystitis had abnormally high amounts of mast cells in the bladder
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submucosa. It is postulated that these mast cells produce pharmacologically active mediators
that have a significant effect on smooth muscle, vascular epithelium and inflammation (1, 2, 3, 4).
A third theory results from histological examination of the bladder showing neural proliferation.
Thus giving support for a possible neurogenic etiology of cystitis (2, 3, 4). Since the cause is
currently unknown, this makes the clinical diagnosis of the disease particularly challenging. The
National Institute of Diabetes and Digestive and Kidney Diseases developed inclusion and
exclusion criteria for patients who are being considered for interstitial research (20). This table
has helped to streamline the diagnosis of cystitis and thus useful in creating a homogenous
population of interstitial cystitis patients in clinical research settings. However, there are several
patients with a clinical diagnosis that do not meet the strict criteria (2).

1.2 Autonomic Control of Bladder Micturition
The peripheral nervous system (PNS) consists of sensory (afferent) and motor (efferent)
communications with the central nervous system and is divided into the autonomic and somatic
nervous systems. Micturition is under the control of both divisions of the PNS. There are two
sphincters—internal and external that must relax in order to urinate. The external sphincter is
under conscious control and thus under the control of the somatic nervous system. The internal
sphincter is under autonomic control and works in conjunction with the smooth muscle found in
the bladder wall. Normally smooth muscle contracts when stretched. However, the urinary
bladder can stretch to fill with urine and does not spontaneously void. The smooth muscle is
constantly contracting, but not simultaneously to allow the release of urine (21). The
desynchronized contraction of the smooth muscles is due to the large number of gap junctions
between the smooth muscle cells (22). During voiding, the smooth muscle of the bladder wall
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must contract simultaneously and at the same time, the sphincters must relax. The nerves of the
autonomic nervous system receive sensory information from the bladder wall and send their
axons to the spinal cord to communicate with the central nervous system (CNS). The cell bodies
of these afferent neurons are found at the dorsal root ganglion located next to the spinal cord.
The autonomic nervous system can be further divided into the parasympathetic or sympathetic
nervous systems.
The parasympathetic nerves (pelvic) send excitatory input to the bladder wall and
inhibitory input to the urethra (23). In contrast, the sympathetic nerves (hypogastric) have
excitatory inputs to the bladder neck and the urethra, blocking the passage of urine to be voided
(24). There are also inhibitory effects of sympathetic fibers on the parasympathetic input (23).
Once a certain threshold pressure is reached, the sympathetic input to the bladder will diminish
and the parasympathetic input will become greater allowing for urination via relaxation of the
sphincter and contraction of the bladder wall. Micturition is controlled by autonomic
innervations as well as somatic. Thus the CNS must receive input from the bladder regarding
pressure, tension and other information to determine when to void. Afferent nerve fibers travel
within the pelvic, hypogastric and pudental nerves (25,27). There are two main afferents
relaying information from the bladder to the CNS. They are small myelinated A-δ fibers and
small unmyelinated C fibers (23, 25, 26). The A-δ fibers are mechanosensitive and are active
during normal micturition (27, 26). The unmyelinated C fibers do not respond to passive
distention, but more to nociception and are not mechanosensitive (28, 26). These fibers have
their cell bodies in the DRG and terminate in the spinal cord.
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1.3 Sensory Hypersensitivity and Transient Receptor Potential Vanilloid 1
Previous studies have shown that interstitial cystitis (IC) is a hypersensitive state where
bladder fullness occurs at lower volumes than normal (29, 30). Normal females have a mean
bladder capacity of 586mL and the first voiding desire occurs at a mean volume of 315mL (31).
On the other hand, patients with IC have a mean bladder capacity of just 265mL and the first
voiding desire at a mean volume of 74mL (30). This difference in mean volumes is due to the
hypersensitization of afferent fibers innervating the bladder. This hypersensitization usually
occurs after organ injury and contributes to the increase in pain sensation (32, 33). This sensory
hypersensitivity explains both the sensation of pain as well as the increase in micturition
frequency that is characteristic symptoms of IC.
Another typical feature of IC is the absence of any identifiable clinical cause of the
symptoms (1, 34). This is congruent with the theory that IC is a result of sensory
hypersensitivity as there are no clinical markers that could test for this. However, there are ways
in the lab to determine the sensitivity of afferent fibers innervating the bladder. Two ways to
sensitize afferent fibers include alteration of channel properties or increase the expression of the
pain receptors (35, 36). Transient receptor potential vanilloid 1 (TRPV1) is a ligand-gated ion
channel that can bind capsaicin, the active component of chili peppers, as well as other noxious
stimuli and transduces the sensation of pain. It is a key molecule for integrating painful stimuli
(37). Studies have shown that TRPV1 plays an important role in several diseases associated with
pain such as: interstitial cystitis, airway diseases, inflammatory bowel disease and pancreatitis
(38-41). TRPV1 knock-out mice have also been studied and determined that this receptor is
important in the modulation of pain during inflammatory conditions and tissue damage (42, 43).
There are neurons located in the spinal afferents that respond only to noxious stimulus and
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remain silent under normal conditions. These nociceptors can be activated when there is tissue
injury or inflammation (47). TRPV1 positive cells are primarily located in small and medium
sized DRG cells, which are characteristic of nociceptive fibers (44). Also TRPV1 has been
shown to increase in expression in these nociceptive fibers when there is peripheral inflammation
(45, 46). The expression of TRPV1 channels increases with diseases exacerbated by sensory
hypersensitivity. Activation of TRPV1 also contributes to the development of bladder
hyperreflexia and nociceptive transmission to spinal dorsal horn neurons in cystitis (7).

1.4 Brain Derived Neurotrophin Factor and Sensory Hypersensitivity
It has previously been reported that functional digestive disorders are associated with a
decrease in visceral pain threshold thus indicating visceral hypersensitivity (8, 9) and interstitial
cystitis is no different. Brain derived neurotrophin factor (BDNF) was chosen be to
characterized in this model of CYP-induced cystitis. BDNF was originally isolated from pig
brain and is a 12.4 kDa basic protein, part of the neurotrophin family (6). The neurotrophin
family consists of nerve growth factor (NGF), BDNF and neurotrophin (NT)-3 and NT-4/5.
Each neurotrophin has affinity for a particular receptor: NGF to trophomyosin-related kinase
(Trk) A (11, 12), BDNF and NT 4/5 to TrkB (13) and NT-3 to TrkC (48). All three Trk
receptors are expressed within adult DRG (49,50) and all neurotrophins show retrograde
transport to the DRG from peripheral nerves (51). TrkB, the receptor specific for BDNF and NT
4/5, is abundant during development, but also present in the CNS of adult animals thus indicating
a continuing role for BDNF in the adult nervous system. In the early stages of development, it
has been shown through the use transgenic mice that BDNF plays a key role in promoting the
survival of some sensory neurons during development (52).
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Another role of BDNF is its role in pain sensitivity. Numerous studies show that BDNF
is a modulator of pain in the inflammatory and neuropathic pain. The role BDNF plays in the
transmission of pain was discovered when there were significant increases in the level of BDNF
expression in the spinal cord after tissue or nerve injury (53, 54). BDNF was also found to be a
key player in the central sensitization that underlies many forms of hyperalgesia (55). BDNF’s
role in the transmission of pain was confirmed when experimental manipulation of either BDNF
or the receptor, TrkB, significantly altered nociceptive processing (56). Specifically in
inflammatory pain, BDNF has shown to be an important modulator. Lung hypersensitivity in
mice appears to be partially mediated by BDNF (57) and during pancreatitis, BDNF is expressed
in significantly higher levels in ductular complexes and in the perineurium of enlarged nerves
(58). The pancreatic content level of BDNF was also strongly correlated with pain intensity in
patients suffering from the condition (58).
Up-regulation of BDNF in the DRG seems to be modulated in a NGF dependent
mechanism (59). This is also true for peripheral inflammation models. BDNF mRNA and
protein were both upregulated by an NGF dependent mechanism in TrkA-expressing sensory
neurons (59). Recent studies investigating the role of intracellular signaling pathways in the
development of inflammatory and neuropathic pain have shown that the MAP kinases ERK and
p38 are important mediators of BDNF up-regulation and in the changes in pain-related behavior
(60). Indeed phosphorylation of the MAPK/ERK in the spinal dorsal horn neurons has been
proven to be an important step in the transmission of inflammatory pain (61). Thus any changes
to the signaling pathway could play a role in regulating the expression of BDNF in nociceptive
neurons in the DRG.
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1.5 Sensory Expression of Calcitonin Gene-Related Peptide
There are two forms of calcitonin gene-related peptide (CGRP), namely αCGRP and
βCGRP that were isolated from the thyroid and other tissues (62, 63). The effects of the two
types of CGRP are through similar signaling cascades—they activate adenlyl cyclase and
increase the intracellular cAMP concentration (64). Both of the two forms are present in
peripheral tissues and in the nervous system (65). CGRP is especially rich in the DRG,
trigeminal ganglion neurons and fibers originating from the ganglion projecting to the spinal
cord and the brainstem (62, 63). Within the DRG, CGRP is found within small-diameter
unmyelinated neurons and significantly less in the medium- to large-diameter neurons (62, 63).
The neuropeptides is also prevalent in the primary afferent neurons (66, 67). There are two
classes of CGRP receptors: CGRP1 and CGRP2 (62, 64, 65). The receptor is composed of three
components: calcitonin receptor-like receptor (CRLR), receptor activity modifying protein 1
(RAMP1) and CGRP receptor component protein (RCP). All three proteins must be present in
order to form a functional CGRP receptor (68).
CGRP plays a role in several areas including: involved in learning and memory (69),
involved in opioid tolerance and addiction (70) and finally it is involved in the transmission and
modulation of pain related information in PNS and CNS (71). Recently there has been
increasing evidence that suggests that CGRP function and release are associated with
inflammation (72). αCGRP KO mice failed to develop secondary hyperalgesia after
inflammation (73)—thus indicating CGRP’s role in hypersensitivity following inflammatory
diseases. There is a significant upregulation of CGRP in primary afferent neurons within the first
new hours after application of the inflammatory stimulus (72).
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1.6 Nerve Growth Factor in Inflammatory Pain Transmission
Nerve growth factor (NGF) is part of the neurotrophins family that plays a critical role in
the development of the nervous system. It binds preferentially to the TrkA receptor (74). A null
mutation of the NGF gene or the TrkA gene shows a loss of approximately 70% of primary
sensory neurons (75). This indicates NGF plays an important role in the survival of the sensory
neurons during development. However, other studies have shown that NGF plays an important
role in maintaining and modulating the properties of sensory neurons during adult life as well
(75). Once NGF binds to the TrkA receptor, there are several signaling pathways that are
activated. Two examples are the PI3-K/Akt pathway and the MAPK pathway (10).
Several studies show that NGF levels increase in tissues during inflammation and
modulates primary sensory neuron activity. Levels of NGF mRNA were increased in the
inflamed bladder (76) and sequestration of this NGF prevented the expected increase in hyperreflexia in the bladder (16). Thus NGF proved to play a critical mediator in sensory disorders
associated with inflammation (16). Not only can increases in NGF lead to hypersensitivity of the
tissue producing the NGF, it has been shown that it can also contribute to the development of
hypersensitivity in neighboring organs and cutaneous referral sites (18). During cystitis, NGF
expression increased in the major pelvic ganglion of male rates (17). This increase may have
been due to retrograde transport as there is evidence for increased retrograde transport of
neurotrophins to DRG sensory neurons and spinal motor neurons after peripheral nerve injury
(77). Thus NGF clearly plays a role in painful somatic and visceral inflammation pathways. It
has been proposed this is through altered expression of TRPV1 or voltage-gated sodium channels
that play a central role in inflammation or tissue injury-induced pain and hypersensitivity (78).
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1.7 Signaling Pathways Mediated by Akt/PKB
Akt is a serine/threonine kinase, also called protein kinase B that is activated in the
phosphoinositide-3 kinase (PI3-K) signaling cascade. The PI3-K pathway generates several
second messengers (79) that activate various kinases, such as Akt and extracellular signalregulated kinases (ERK). Although Akt is only one of the kinases activated in the PI3-K
pathway, it has been postulated to mediate most of PI3-K’s effects (15). Because the PI3-K
pathway activates several kinases, it has been proven to be involved in several signaling cascades
and cellular processes (80).
Akt has several downstream effects including: cell survival, cell growth, cell
proliferation, cellular metabolism and angiogenesis (15). Several different groups have shown
that Akt plays a critical role in promoting cell survival downstream of growth factors, oncogenes
and cell stress (81). The PI3-K pathway is also activated by several factors. Specifically it is
activated by vascular endothelial growth factor (82), and the downstream effects contribute to
endothelial cell growth, survival and proliferation via transcription of certain genes. Akt also
activates endothelial nitric oxide (NO) synthase (eNOS), which releases the NO, and can
stimulate vasodilation, vascular remodeling and angiogenesis (83). It may also be involved in
cross-talk with other pathways. For example it has been reported that the PI3-K/Akt pathway
activates NFKB survival signaling or inhibit the Jun N-terminal Kinase (JNK)/p38 apoptotic
signaling (84, 85).
The PI3-K signaling cascade not only plays a role in cell survival and growth, but it has
also been proven to be a key mediator of central sensitization in painful inflammatory conditions
(14). The PI3-K pathway can be activated by growth factors such as NGF—specifically in DRG
neurons (86) and Akt’s activation in the periphery can lead to pain behaviors induced by
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capsaicin (87). Thus the PI3-K pathways involving Akt plays an important role in not only the
sensitization of the spinal cord, but also pain behaviors.

10

OBJECTIVES & AIMS

Objectives
The objective of this study was to characterize the expression level of neuropeptides in sensory
neurons during cystitis and determine the mechanism and signaling pathways that regulate their
expression. Our hypothesis is that inflammatory mediators in the bladder cause sensory
hypersensitivity by regulating transcription of different neuropeptides in sensory neurons in the
dorsal root ganglia (DRG).

Aim 1: Characterize the Neuropeptides BDNF and CGRP in DRG during Cystitis


Examine time and segment-dependent changes in BDNF and CGRP immunoreactivity in
lumbosacral DRG during cystitis.



Examine the transcription levels of BDNF and CGRP in DRG during cystitis.

Aim 2: Characterize the Signaling Pathways Involved in BDNF and CGRP Expression in
DRG during Cystitis.


Examine the level of Akt phosphorylation in DRG during cystitis.



Characterize the correlation of phospho-Akt and BDNF/CGRP by examining their colocalization in the DRG.
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Aim 3: Determine the Role of NGF Retrograde Signaling in BDNF and CGRP Expression
in the DRG
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RESEARCH DESIGN & PROTOCOLS

3.1 Research Design
3.1.1 CYP-induced Cystitis and Tissue Dissection
Animals were injected with CYP to induce cystitis. Following either 8 or 48 hours post
injection, animals were sacrificed and tissue were removed and prepared for analysis with RTPCR or immunohistochemistry (Figure 2A).

3.1.2 Nerve-Ganglia Retrograde Analysis
L6 DRG and ganglia were removed from control animals and placed into a twocompartmented chamber. The nerve terminal was treated with specific ligand and following
incubation with the ligand, the DRG was removed and analyzed with immunohistochemistry to
view changes in protein expression (Figure 2B, and 10).
3.2 Research Protocols
3.2.1 Experimental Animals
Adult male Sprague Dawley rats (100-120g) were purchased from Harlan Laboratories
(Dublin, VA). All experimental protocols involving animal use were approved by the
Institutional Animal Care and Use Committee at the Virginia Commonwealth University.
Animal care was in accordance with the Association for assessment and Accreditation of
Laboratory Animal Care and National Institutes of Health guidelines. All efforts were made to
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minimize the potential for animal pain, stress or distress, as well as to reduce the number of
animals used.
3.2.2 Induction of Bladder Inflammation and Tissue Dissection
Cyclophosphamide (CYP) (Sigma Aldrich, St. Louis, MO) was used to induce cystitis in
rat models. CYP-induced cystitis animals received single drug injections (150mg/kg,
intraperitoneal) and were allowed to survive for 8 and 48 hours. Control rats received volumematched injections of saline (0.9%, intraperitoneal). All injections were performed under
isoflurane (2%) anesthesia. For real-time PCR (see below), the DRGs were removed from
animals after sacrifice via thracotomy. (Figure 1, Figure 2A) Some of the DRG were removed
along with the attached spinal nerves for two-compartment incubation. (Figure 2B) For
immunohistochemistry, the animals were first perfused with Krebs buffer followed by 4%
paraformaldehyde. The L1 and L6 DRGs were removed for cryosectioning.

3.2.3 Real Time-Polymerase Chain Reaction (RT-PCR)
L1 and L6 DRGs were homogenized in lysis buffer included in the RNAqueous kit
(Ambion, Carlsbad, CA). The total RNA then underwent reverse transcription using qScript
(Quanta, Gaithersburg, MD) according to manufacturer’s instruction. The cDNAs were mixed
with specific Taqman probes and PCR master mix (Applied Biosystems, Foster City, CA). The
real-time PCR was performed with 7300 Systems (Applied Biosystems, Foster City, CA). The
tested target genes include brain derived neurotrophin factor (BDNF), calcitonin gene-related
peptide (CGRP) transient receptor potential vanilloid receptor 1 (TRPV1) and nerve growth
factor (NGF). β-Actin or GAPDH was used as an internal control. The changes in the target
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genes were normalized against the internal control and then were calculated using the ΔΔCt
method.

3.2.4 Immunohistochemistry
BDNF, CGRP, VR-1 and phospho-Akt Immunoreactivity
DRGs were sectioned at a thickness of 20µm and placed onto gelatin-coated slides for
immunostaining. The slides were first incubated with antibodies against BDNF (1:500, Santa
Cruz, CA), CGRP (1:1000, Abcam, Cambridge, MA), VR-1 (1:500, Chemicon, Billerica, MA)
or phospho-Akt (1:400, Cell Signaling, Billerica, MA) for 48 hours at 4ºC in 5% donkey normal
serum and 0.3% Triton buffer. After washing with 0.1M sodium phosphate buffer (pH7.4) for
3x 10 mins, the slides were then incubated with Cy3-conjugated species-specific secondary
antibody (Jackson ImmunoResearch, West Grove, PA) for 2 hours at room temperature. After
another round of washing with 0.1M sodium phosphate buffer (3 x 10 mins), the slides were
cover-slipped with Citiflour anti-fadent mounting medium (Electron microscopy Science,
Hatfield, PA). Prepared slides were viewed with an Axiocam Carl Zeiss microscope. DRG cells
exhibiting immunoreactivity that was greater than the observed background level were
considered positively stained.

Co-staining: BDNF, CGRP and phospho-Akt, TrkA, TrkB and phospho-Akt
For double-staining procedures, DRG sections were processed as described for BDNF,
CGRP, TrkA or TrkB. Next these same sections were processed for phospho-Akt. Photos were
merged on Adobe Photoshop to determine whether or not the molecules were co-localized in
sensory neurons.
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3.2.5 Ganglia-Nerve Preparation for Two-compartmented Chamber
The DRG and attached spinal nerve were dissected out and placed into a twocompartment chamber with the ganglia in one compartment and the nerve terminal in the other
compartment (Figure 10). The preparation as acutely incubated in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, Carlsbad, CA) for 2 hours in a cell culture incubated with atmosphere
of 37ºC and 10% CO2 (Napco Series 8000WJ; Thermo Scientific, Suwanee, GA). The nerve
terminals were then stimulated with 50ng/ml nerve growth factor (NGF) (Alomone Labs,
Jerusalem, Israel) for 3 hours. After stimulation, the DRG was removed and prepared for
analysis with RT-PCR in the manner as described above.

3.2.6 Statistical Analysis
Data are presented as fold changes, unless otherwise stated. Data was assessed by
repeated-measures ANOVA (one-way ANOVA), followed by Dunnett’s test for three or more
groups. When only two groups were tested, a student’s t-test was used for analysis using
GraphPad (San Diego, CA) Prism, version 4. Levels of statistical significance was set at
*p<0.05.
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RESULTS

4.1 Activation of DRG Neurons during Cystitis
To determine whether sensory neurons in the DRG were activated during cystitis, the
mRNA expression level of TRPV-1, a pain receptor, was examined. The mRNA expression
level of TRPV-1 was examined in L6 DRG of control animals and animals treated with CYP for
48 hours using RT-PCR. There was a significant 2.5 fold increase (p<0.05) in the level of
TRPV-1 mRNA in animals 48 hours post-CYP injection (Figure 3A). TRPV-1
immunohistochemistry revealed that positively stained neurons were small-diameter,
unmyelinated neurons (Figure 3B).

4.2 Time and Segment-dependent Changes in BDNF and CGRP Immunoreactivity in
Lumbosacral DRG during Cystitis
BDNF and CGRP protein expression levels were characterized in the cystitis time course
model using immunohistochemistry. Analysis revealed that the protein expression level of
BDNF in L1 and L6 DRG significantly increased (p<0.05) at the 48-hour time course when
compared to the control (Figure 4). Immunohistochemistry analysis of CGRP protein expression
level revealed a decrease in CGRP in L1 DRG following 8 and 48 hours post-CYP injection. In
L6 DRG, there was a significant increase in CGRP protein expression at the 48 hours post-CYP
injection time point (Figure 5).
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4.3 BDNF and CGRP were Transcripted by DRG Neurons
BDNF and CGRP mRNA expression levels were characterized in the cystitis time course
model using RT-PCR. RT-PCR revealed no significant change in CGRP mRNA levels in L1
DRG 48 hours post-CYP injection when compared to the control. In L6 DRG however, there
was a significant 5.0 fold increase (p<0.05) in CGRP mRNA levels 48 hours post-CYP injection
when compared to control (Figure 6). RT-PCR analysis revealed that there was a significant 1.6fold increase (p<0.05) of BDNF mRNA in L1 DRG following 48 hours post-CYP treatment. In
L6 DRG, there was a significant 1.6-fold increase (p<0.05) in 48 hours post-CYP treatment
compared to the control (Figure 7). These results mirrored the changes in protein expression
levels examined by immunohistochemistry. This data showed that BDNF and CGRP protein
transcription was by DRG neurons.

4.4 Akt was Activated in DRG Neurons during Cystitis
L1 and L6 DRG were dissected out of control animals and animals treated with CYP for
48 hours. To determine if phospho-Akt was involved in the signaling pathway,
immunohistochemistry was performed. Immunohistochemistry analysis showed that in both L1
and L6 DRG, there was a significant increase (p<0.05) in the amount of phospho-Akt at 48 hours
post-CYP injection (Figure 8).
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4.5 NGF mRNA Expression in the Urinary Bladder of Control and CYP-induced Cystitis
Animals
NGF mRNA expression levels in the urinary bladder were characterized in a CYPinduced cystitis time course model using RT-PCR. Analysis revealed that at both 8 hour and 48
hours post CYP-induced cystitis, the expression of NGF mRNA significantly increased when
compared to the control (Figure 9). This increase in mRNA expression was constant with two
internal controls: β-Actin and GAPDH.

4.6 Effects of Retrograde NGF on BDNF and CGRP Expression in DRG
NGF and its receptor TrkA both increased significantly in the urinary bladder after
induction of cystitis. Thus to test whether it could possibly retrograde signal to the DRG, L6
ganglia and the spinal nerve were dissected out and only the nerve terminal was treated with
50ng/ml of NGF for 3 hours (Figure 10). Immunohistochemistry after incubation with NGF
revealed that BDNF (Figure 11) and CGRP (Figure 12) protein expression levels both increased
significantly (p<0.05).

4.7 Co-localization Study of p-Akt with BDNF or CGRP in DRG
Co-staining of CGRP and BDNF with phospho-Akt was performed to determine whether
the Akt pathway was involved in the activation of the neuropeptides. The results showed that
phospho-Akt was positively co-stained with BDNF, but not with CGRP (Figure 13). This
indicated that there might be a relationship between Akt and BNDF. However, its relationship
with CGRP may be indirect or via other signaling molecules and needs further investigation.
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Figure 1. Rat spinal cord and dorsal root ganglia dissection. Lumbar dorsal root ganglia L1-L6
and sacral dorsal root ganglia labeled.
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Figure 2. Animal models used for tissue dissection. A. CYP-induced cystitis animals sacrificed
after designated time and tissues collected for immunohistochemistry and RT-PCR. B. Nerveganglia prep dissected out and nerve terminal treated with NGF.
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Figure 3. TRPV1 mRNA expression changes with cystitis in DRG. A. Immunohistochemistry
of DRG, revealed positive staining of TRPV1 within small diameter neurons. Arrows indicated
positively stained cells. B. TRPV1 mRNA levels in L6 DRG significantly increased following
48 hours post CYP-induced cystitis. Bar = 100µ. *, p<0.05. Results are from 4-5 animals for
each experimental group.
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48h CYP

Figure 4. BDNF immunohistochemistry in L1 and L6 DRG 8 and 48 hours post induction of
cystitis with CYP. A. BDNF immunoreactivity in DRG from control animals and animals
treated with CYP. Arrows indicate positively stained cells. B. There were significant increases
in the number of neurons positively stained for BDNF in L1 DRG at 48 hours post CYP-induced
cystitis. C. There was also a significant increase in the number of neurons expressing BDNF
following 48 hours post CYP-induction of cystitis in L6 DRG. Bar = 100µ. *, p<0.05. Results
are from 5 animals for each experimental group.
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8h CYP
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Figure 5. CGRP immunohistochemistry in L1 and L6 DRG 8 and 48 hours post induction of
cystitis with CYP. A. CGRP immunoreactivity in DRG from control animals and animals
treated with CYP. Arrows indicated positively stained cells. B. There was a significant
decrease in the number of neurons positively stained for CGRP in L1 DRG at 48 hours post
CYP-induced cystitis but not 8 hours. C. In L6 DRG, there was a significant increase in the
number of neurons expressing CGRP following 48 hours post CYP-induction of cystitis. Bar =
100µ. *, p<0.05. Results are from 5 animals for each experimental group.
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48h CYP

Figure 6. Expression of CGRP mRNA in L1and L6 DRG at 8 and 48 hours post CYP-inducted
cystitis. A. There was no significant change in CGRP mRNA levels in L1 DRG post CYP
treatment. B. Significant increase in the level of CGRP mRNA following 48 hours post CYPinduced cystitis in L6 DRG. *, p<0.05. Results are from 5-6 animals for each experimental
group.
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Figure 7. BDNF mRNA level changes in L1 and L6 DRG at 48 hours post CYP-inducted
cystitis. A. There was a significant change in BDNF mRNA levels in L1 DRG 48 hours
following CYP-induced cystitis. B. Significant increase in the amount of BDNF mRNA
following 48 hours post CYP-induced cystitis in L6 DRG. *, p<0.05. Results are from 5-6
animals for each experimental group.
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Figure 8. Phospho-Akt immunoreactivity in L1 and L6 DRG in control animals and cystitis
animals. Arrows indicate positively stained cells. A. Positively stained phospho-Akt neurons in
DRG in control and CYP-induced cystitis animals. B. The number of neurons positively
expressing phospho-Akt protein significantly increases at 48 hours post CYP-induced cystitis
compared to control. Bar = 100µ. *, p<0.05. Results are from 3 animals for each experimental
group.
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Figure 9. NGF mRNA levels in the urinary bladder at 8 and 48 hours post CYP-induced cystitis.
A. NGF mRNA significantly increased in the bladder, at both 8 and 48 hours post CYP-induced
cystitis when -actin was used as internal control. B. NGF mRNA significantly increased at
both 8 and 48 hours post CYP-induced cystitis when GAPDH was used as internal control. *,
p<0.05. Results are from 3 animals for each experimental group.
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Figure 10. Preparation of nerve-ganglion 2-compartmented chamber for retrograde signaling
study. L6 and its attached spinal nerve was removed and placed into the 2-compartmented
chamber with the nerve terminal in one compartment and the DRG into another. 50ng/ml of
NGF was added only to the compartment containing the nerve terminal without contaminating
the compartment containing the DRG. After stimulation, the DRG was collected for
examination.
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Figure 11. NGF retrograde effects on the protein expression level of BDNF in DRG. A. BDNF
immunoreactivity of control and NGF treated BDNF. B. When 50ng/ml of NGF was applied to
the nerve terminal, there was a significant increase in the protein level expression of BDNF in
the DRG when compared to the non-treated DRG. Bar = 100µ. *, p<0.05. Results are from 3
animals for each experimental group.
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Figure 12. NGF retrograde effects on the protein expression level of CGRP in DRG. CGRP
immunoreactivity of control and NGF treated CGRP. B. When 50ng/ml of NGF was applied to
the nerve terminal, there was a significant increase in the protein level expression of CGRP in
the DRG when compared to non-treated DRG. Bar = 100µ. *, p<0.05. Results are from 3
animals for each experimental group.
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Figure 13. Co-localization immunohistochemistry of BDNF and CGRP with phospho-Akt in L6
DRG following 48 hours post CYP-induced cystitis. BDNF (A1) and CGRP (A2) positively
stained cells in DRG following cystitis. In the DRG following cystitis, there was also p-Akt
positively stained cells (B1 & B2). Co-localization revealed that BDNF co-localized with p-Akt
(C1), but not with CGRP (C2).
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DISCUSSION

Interstitial cystitis is a chronic debilitating disease that causes pain and increased
frequency of micturition, amongst other symptoms, without any identifiable cause. Within the
United States alone, it has been estimated that there are approximately 52-67 per 100,000 cases
(5). Thus it is important to characterize this disease in order to provide better treatment and
quality of life to patients. The present study aimed to characterize BDNF and CGRP—two
neuropeptides that have both been proven to play an important role in the transmission of pain
(57, 58) as well as in hypersensitivity (55). The signaling pathways regulating the expression of
the two neuropeptides were also examined.
Previous studies have shown that interstitial cystitis (IC) is a hypersensitive state where
bladder fullness occurs at lower volumes than normal (30). Two ways to sensitize afferent fibers
include alteration of channel properties or increase the expression of the pain receptors (35). To
determine whether or not sensory afferent fibers were activated, the expression level of TRPV1
was examined in L6 DRG in animals 48 hours after CYP-induced cystitis. RT-PCR results
revealed 2.5-fold increase (p<0.05) in TRPV1 mRNA following cystitis induction.
Immunohistochemistry results also revealed that the expression of the channel was in small
diameter unmyelinated neurons. These small diameter neurons were most likely C-fibers
relaying nociceptive information (28). Activation of these nociceptive fibers indicated that
bladder inflammation induced increased pain sensation. Further examination of the changes in
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the sensory neurons in the DRG revealed that two neuropeptides, BDNF and CGRP, were also
involved in the bladder inflammation-induced increased sensory plasticity.
Immunohistochemistry showed significant increases in BDNF in small to medium
diameter neurons in both L1 and L6 DRG at 8 hour and 48 hour following CYP treatment.
BDNF and its receptor have both proven to be important in the transmission of nociception (56).
Specifically in inflammatory pain, BDNF has proven to be an important modulator of
hypersensitivity (57, 58). Thus increases in BDNF in the lumbosacral DRG following cystitis,
illustrates that BDNF plays an important role in the inflammatory pain transmission during
cystitis. In addition, cystitis also changed the expression level of the excitatory neurotransmitter
CGRP in the DRG during cystitis. Immunostaining of CGRP revealed that in L6 DRG of
animals following 8 and 48 hours post CYP-induction of cystitis; the CGRP protein level was
significantly increased, while in L1 DRG CGRP protein expression was decreased. One
explanation could be that cystitis induced CGRP release from these neurons because there was
increased density of CGRP nerve fibers in the DRG during cystitis. Another possibility could be
due to degradation of CGRP.
In order to determine whether BDNF and CGRP were being transcribed by the DRG or if
they were being transported to the DRG, RT-PCR was done to determine mRNA levels of each
neuropeptide. RT-PCR results showed no significant change in CGRP mRNA levels in L1 DRG
48 hours post-CYP injection when compared to the control. Together with the findings that
CGRP immunoreactivity was decreased in L1 DRG during cystitis. It suggests that CGRP might
be transported out of the DRG to nerve terminals. During cystitis, there were an increased
number and density of CGRP nerve fibers in the spinal cord. CGRP could also be internalized
and then degraded upon binding to its receptor in the neurons. In L6 DRG however, there was a
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significant 5.0 fold increase (p<0.05) in CGRP mRNA levels 48 hours post-CYP injection when
compared to control. BDNF mRNA levels were also increased significantly by 1.6-fold (p<0.05)
in L1 DRG and L6 DRG following 48 hours post-CYP treatment. This data reveals that BDNF
and CGRP were both generated by the sensory neurons in DRG.
The PI3-K/Akt pathway is important for cellular growth and survival (15). However,
recent studies also indicated that this pathway has a role in of central sensitization in painful
inflammatory conditions (14). The up-regulation of PI3-K/Akt pathway has been seen in the
spinal cord during peripheral inflammation and inhibition of this pathway attenuated
inflammatory pain in rats (14). In cystitis, it is not clear if the PI3-K/Akt pathway has a role in
sensory activation. The current study revealed that the level of phospho-Akt was increased in
lumbosacral DRG of animals following CYP-induced cystitis. Immunohistochemistry results
revealed a 1.5-fold increase in the level of phospho-Akt in both L1 and L6 following 8 and 48
hours post CYP-induced cystitis. These results confirmed that indeed the PI3K/Akt pathway was
activated during cystitis. To determine the association of this signaling pathway with the
transcription of BDNF and CGRP, co-localization staining was performed. The results revealed
that BDNF, but not CGRP was co-localized with phospho-Akt. This suggests that the activation
of the PI3K/Akt pathway was specifically correlated with BDNF expression but not CGRP
expression in the DRG during cystitis. There were two possibilities: 1) Transcription of BDNF
was regulated by PI3-K/Akt activation, and 2) BDNF activates PI3K/Akt pathway via an
autocrine mechanism. The former requires activation of PI3-K/Akt by factors regulated by
cystitis, possibly retrograde NGF signaling originating from the bladder; the latter requires the
expression of TrkB in the phospho-Akt/BDNF co-expressing neurons. The finding that CGRP
did not co-localize with phospho-Akt suggests that CGRP transcription may be activated via
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another signaling pathway in the CGRP neurons or the PI3-K/Akt pathway is not directly
upstream of CGRP activation.
To further investigate the mechanism underlying BDNF and CGRP expression in the
DRG during cystitis, the L6 ganglia/nerve two-compartment preparation was made to study the
effects of retrograde NGF signaling in this system. NGF was chosen base on several studies that
showed that NGF levels increase in tissues during inflammation and modulates primary sensory
neuron activity. During bladder inflammation, the levels of NGF mRNA were also increased in
the inflamed bladder (76) and sequestration of this NGF prevented the expected increase in
hyper-reflexia in the bladder (16). In patients, the level of NGF also significantly increased
following idiopathic sensory urgency and interstitial cystitis (89). Nerve-ganglia preparations
were carried out and 50ng/ml NGF was applied solely to the nerve terminal compartment. The
changes in BDNF and CGRP expression were examined in the DRG using
immunohistochemistry. Results revealed that both CGRP and BDNF were significantly
increased in the DRG when the terminal was incubated in 50ng/ml of NGF. Previous studies
show that NGF retrograde signaling is activated following peripheral nerve injury (77). NGF
increases in the inflamed bladder binds to its receptor, TrkA and activates bladder afferent
neurons via retrograde transport. In the in-vitro cell culture studies, it was revealed that two
pathways were involved in NGF retrograde signaling: the MEK/ERK5 pathway and the PI3K/Akt pathway. Given that PI3-K/Akt was co-localized with BDNF in the DRG during cystitis,
it is possible that the excess level of NGF up-regulated in the inflamed urinary bladder could
retrograde transport to DRG and then activate PI3-K/Akt pathways, leading to BDNF expression
in these neurons. CGRP up-regulation in the DRG by cystitis could be due to pathways other
than PI3-K/Akt, such as the ERK5 pathway in the DRG.
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In summary, the present study characterized two neuropeptides—BDNF and CGRP and
found that protein expression level increased in L1 and L6 DRG following CYP-induction of
cystitis, except no significant change in CGRP in L1. Furthermore, we determined that both
neuropeptides were being actively transcribed by observing increases in mRNA levels. One
possible signaling pathway involved is the PI3K/Akt pathway as we observed increases in
phospho-Akt levels following CYP-induced cystitis. Other signaling pathways were also
activated during cystitis such as the ERK5 pathway (88). Retrograde studies revealed that
application of NGF to the nerve terminal was able to increase protein expression levels of both
BDNF and CGRP. These results underlie a possible mechanism that excess NGF arising in the
urinary bladder may have a significant role in bladder afferent activation, thus leading to bladder
sensory hypersensitivity. Up-regulation of TRPV1, BDNF and CGRP in the DRG during cystitis
further supports the notion that bladder inflammation causes sensory hyperactivity, and results in
painful bladder sensation seen in IC.

50

Literature Cited
1. Metts, J. 2001. Interstitial Cystitis: Urgency and Frequency Syndrome. American
Family Physician. 64(7):1199-206, 1212-4.
2. Marshall, K. 2003. Interstitial Cystitis: Understanding the Syndrome. Alternative
Medicine Review. 8(4):426-437.
3. Nickel, J. 2001. Interstitial Cystitis: Characterization and Management of an Enigmatic
Urologic Syndrome. Reviews in Urology. 4(3):112-121.
4. Nickel, J. 2000. Interstitial cystitis – Etiology, diagnosis and treatment. Canadian
Family Physician. 46:2430-2440.
5. Curhan, G., Speizer, F., Hunter, D., Curhan, S., Stampfer, M. 1999. Epidemiology of
Interstitial Cystitis: A population based study. The Journal of Urology. 161:549-552.
6. Barde, Y.A., Edgar, D., Thoenen, H. 1982. Purification of a new neurotrophic factor
from mammalian brain. EMBO Journal. 1:549-553.
7. Dinis, P., Charrua, A., Avelino, A., Yaqoob, M., Bevan, S., Nagy, I., Cruz, F. 2004.
Anandamide-Evoked Activation of Vanilloid Receptor 1 Contributes to the Development
of Bladder Hyperreflexia and Nociceptive Transmission to Spinal Dorsal Horn Neurons
in Cystitis. Journal of Neuroscience. 24(50):11253-11263.
8. Mayer, E.A., Gebhart, G.F. 1994. Basic and clinical aspects of visceral hyperalgesia.
Hyperalgesia. 107:271-93.
9. Mertz, H., Naliboff, B., Munakata, J. 1995. Altered rectal perception is a biological
marker of patients with irritable bowel syndrome. Gastroenterology. 109:40-52.
10. Segal, R.A. 2003. Selectivity in Neurotrophin Signaling. Annual Review of
Neuroscience. 26:299-330.
11. Kaplan, D.R., Hempstead, B.L., Martin-Zanca, D., Chao, M.V., Parada, L.F. 1991. The
trk proto-oncogene product: a signal transducing receptor for nerve growth factor.
Science. 252:554-58.
12. Klein, R., Jing, S.Q., Nanduri, V., O’Rourke, E., Barbacid, M. 1991. The trk protooncogene encodes a receptor for nerve growth factor. Cell. 65:189-97.

51

13. Squinto, S.P., Stitt, T.N., Aldrich, T.H., Davis, S., Bianco, S.M. 1991. TrkB encodes a
functional receptor for brain-derived neurotrophins factor and neurotrophins 3 but not
nerve growth factor. Cell. 65:885-93.
14. Pezet, S., Marchang, F., D’Mello, R., Grist, J., Clark, A.K., Malcangio, M., Dickenson,
A.H., Williams, R.J., McMahon, S.B. 2008. Phosphatidylinositol 3-Kinase is a key
mediator of central sensitization in painful inflammatory conditions. Journal of
Neuroscience. 28(16):4261-4270.
15. Manning, B.D., Cantley, L.C. 2007. Akt/PKB Signaling; Navigating Downstream. Cell.
129:1261-1274.
16. Dmitrieva, N., Shelton, D., Rice, A.S.C., McMahon, S.B. 1997. The role of Nerve
Growth Factor in a Model of Visceral Inflammation. Neuroscience. 78(2):449-459.
17. Murray, E., Malley, S.E., Qiao, L., Hu, V.Y., Vizzard, M.A. 2004. Cyclophosphamide
induced Cystitis alters Neurotrophin and Receptor Tyrosine Kinase expression in Pelvic
Ganglia and Bladder. Journal of Urology. 172:2434-2439.
18. Bielefeldt, K., Lamb, K., Gebhart, G.F. 2006. Convergence of sensory pathways in the
development of somatic and visceral hypersensitivity. American Journal of Physiology
Gastrointestinal Liver Physiology. 291:G658-G665.
19. Jones, C.A., Nyberg, L. 1997. Epidemiology of Interstitial Cystitis. Urology. 49(suppl
5A):2-9.
20. National Institute of Diabetes and Digestive and Kidney Diseases. 1994. Interstitial
Cystitis. U.S. Dept of Health and Human Services, Public Health Service, National
Institutes of Health. NIH publication no. 94-3220.
21. Sugaya, K., de Groat, W.C. 2000. Influence of temperature on activity of the isolated
whole bladder preparation of neonatal and adult rats. American Journal of Physiology.
278:R238-246.
22. Steers, W.D. 1998. Physiology and pharmacology of the bladder and urethra.
Campbell’s Urology 7th ed. pp. 870-915.
23. De Groat, W.C., Booth, A.M., Yoshimura, N. 1993. Neurophysiology of micturition and
its modification in animal models of human disease. The Autonomic Nervous System.
Nervous Control of the Urogenital System. 3:227-289.
24. Andersson, K.E. 1993. Pharmacology of lower urinary tract smooth muscles and penile
erectile tissues. Pharmacological Review. 45:253-308.
25. Yoshimura, N., de Groat, W.C. 1997. Neural control of the lower urinary tract.
International Journal of Urology. 4:111-125.
52

26. Morrison, J.F.B. 1999. The activation of bladder wall afferent nerves. Experimental
Physiology. 84:131-136.
27. Janig, W., Morrison, J.F.B. 1986. Functional properties of spinal visceral afferents
supplying abdominal and pelvic organs, with special emphasis on visceral nociception.
Progress in Brain Research. 67:87-114.
28. Maggi, C.A. 1993. The dual, sensory and efferent function of the capsaicin-sensitive
primary sensory neurons in the urinary bladder and urethra. The Autonomic Nervous
System. Nervous Control of the Urogenital System. 3 pp. 383-422.
29. Parons, C.L., Koprowski, P.F. 1991. Interstitial cystitis: successful management by
increasing urinary voiding intervals. Urology. 37:207-212.
30. Steinkohl, W.B., Leach, G.E. 1989. Urodynamic findings in interstitial cystitis. Urology.
34:399-401.
31. Pauwels, E., De Wachter, S., Wyndaele, J.J. 2004. Normality of bladder filling studied in
symptom-free middle-aged women. Journal of Urology. 171:1567-1570.
32. Cervero, F. 1994. Sensory innervations of the viscera: peripheral basis of visceral pain.
Physiological Reviews. 74:95-138.
33. Dubner, R., Ruda, M.A. 1992. Activity-dependent neuronal plasticity following tissue
injury and inflammation. Trends in Neuroscience. 15:96-103.
34. Gillenwater, J., Wein, A.J. 1987. Summary of the NIADDKD Workshop on Interstitial
Cystitis. Journal of Urology. 140:203-206.
35. Kirkup, A.J., Brunsden, A.M., Grundy, D. 2001. Receptors and transmission in the
brain-gut axis: potential for novel therapies I. Receptors on visceral afferents. American
Journal of Physiology Gastrointestinal Liver Physiology. 280:G787-G794.
36. Bielefeldt, K., Ozaki, N., Gebhart, G.F. 2002. Mild gastritis alters voltage-sensitive
sodium currents in gastric sensory neurons in rats. Gastroenterology. 122:752-761.
37. Tominaga, M., Caterina, M.J., Mamberg, A.B., Rosen, T.A., Gilbert, H., Skinner, K.,
Raumann, B.E., Basbaum, A.I., Julius, D. 1998. The cloned capsaicin receptor integrates
multiple pain-producing stimuli. Neuron. 21:531-543.
38. Geppetti, P., Materazzi, S., Nicoletti, P. 2006. The transient receptor potential vanilloid
1: role in airway inflammation and disease. European Journal of Pharmacology.
533:207-14.

53

39. Jia, Y., McLeod, R.L., Hey, J.A. 2005. TRPV1 receptor: a target for the treatment of
pain, cough, airway disease and urinary incontinence. Drug News Perspective. 18:16571.
40. Liddle, R.A., Nathan, J.D. 2004. Neurogenic inflammation and pancreatitis.
Pancreatology. 4:551-9.
41. Numazaki, M., Tominaga, M. 2004. Nociception and TRP Channels. Curr Drug Targets
CNS. Neurological Disorders. 3:479-85.
42. Jones 3rd, R.C., Xu, L., Gebhart, G.F. 2005. The mechanosensitivity of mouse colon
afferent fibers and their sensitization by inflammatory mediators require transient
receptor potential vanilloid 1 and acid-sensing ion channel 3. Journal of Neuroscience.
25:10981-9.
43. Caterina, M.J., Leffler, A., Malmberg, A. B., Martin, W. J., Trafton, J., Petersen-Zeitz, K.
R., Koltzenburg, M., Basbaum, A.I., Julius, D. 2000. Impaired nociception and pain
sensation in mice lacking the capsaicin receptor. Science. 288:306-13.
44. Guo, A., Vulchanova, L., Wang, J., Li, X., Elde, R. 1999. Immunocytochemical
localization of the vanilloid receptor 1 (VR-1): relationship to neuropeptides, the P2X3
purinoceptor and IB4 binding sites. European Journal of Neuroscience. 11:946-958.
45. Amaya, F., Oh-hashi, K., Naruse, Y., Iijima, N., Ueda, M., Shimosato, G., Tominaga, M.,
Tanaka, Y., Tanaka, M. 2003. Local inflammation increases vanilloid receptor 1
expression within distinct subgroups of DRG neurons. Brain Research. 963:190-196.
46. Carlton, S.M., Coggeshall, R.E. 2001. Peripheral capsaicin receptors increase in the
inflamed rat hindpaw: a possible mechanism for peripheral sensitization. Neuroscience
Letters. 310:53-56.
47. Gebhart, G.F. 2000. Pathobiology of visceral pain: molecular mechanisms and
therapeutic implications. IV. Visceral afferent contributions to the pathobiology of
visceral pain. American Journal of Physiology Gastrointestinal Liver Physiology.
278:G834-G838.
48. Lamballe, F., Klein, R., Barbacid, M. 1991. TrkC, a new member of the trk family of
tyrosine protein kinases, is a receptor for neurotrophins 3. Cell. 66:967-79.
49. McMahon, S.B., Armanini, M.P., Ling, L.H., Phillips, H.S. 1994. Expression and
coexpression of trk receptors in subpopulations of adult primary sensory neurons
projecting to identified peripheral targets. Neuron. 12:1161-1171.
50. Kashiba, H., Noguchi, K., Ueda, Y., Senba, E. 1995. Co-expression of trk family
members and low-affinity neurotrophins receptors in rat dorsal-root ganglion neurons.
Molecular Brain Research. 30:158-164.
54

51. DiStefan, P.S., Friedman, B., Radziejewski, C., Alexander, C., Boland, P., Schick, C.M.,
Lindsay, R.M., Wiegand, S.J. 1992. The neurotrophins BDNF, NT-3 and NGF display
distinct patterns of retrograde axonal transport in peripheral and central neurons. Neuron.
8:983-993.
52. Hellard, D., Brosenitsch, T., Fritzsch, B., Katz, D.M. 2004. Cranial sensory neuron
development in the absence of brain-derived neurotrophic factor in BDNF/Bax double
null mice. Developmental Biology. 275:34.
53. Cho, H.J., Kim, J.K., Park, H.C., Kim, D.S., Ha, S.O., Hong, H.S. 1998. Changes in
brain-derived neurotrophic factor immunoreactivity in rat dorsal root ganglia, spinal cord,
and gracile nuclei following cut or crush injuries. Experimental Neurology. 154:224230.
54. Ernfors, P., Rosario, C.M., Merlio, J.P., Grant, G., Aldskogius, H., Persson, H. 1993.
Expression of mRNAs for neurotrophins receptors in the dorsal root ganglion and spinal
cord during development and following peripheral or central axotomy. Molecular Brain
Research. 17:217-226.
55. Heppenstall, P.A., Lewin, G.R. 2001. BDNF but not NT-4 is required for normal flexion
reflex plasticity and function. PNAS. 98:8107-8112.
56. Zhao, J., Seereeram, A., Nassar, M.A., Levato, A., Pezet, S., Hathaway, G., MorenillaPalao, C., Stirling, C., Fitzgerald, M., McMahon, S.B., Rios, M., Wood, J.N. 2006.
Nociceptor-derived brain-derived neurotrophic factor regulates acute and inflammatory
but not neuropathic pain. Molecular Cell Neuroscience. 31:539-648.
57. Braun, A., Lommatzsch, M., Neuhaus-Steinmetz, U., Quarcoo, D., Glaab, T. 2004.
BDNF contributes to neuronal dysfunction in a model of allergic airway inflammation.
British Journal of Pharmacology. 141(3):431-40.
58. Zhu, Z., Friess, H., di Mola, F.F., Zimmermann, A., Graber, H.U. 1999. Nerve growth
factor expression correlates with perineural invasion and pain in human pancreatic cancer.
Journal of Clinical Oncology. 17(8):2419-28.
59. Merighi, A., Carmignoto, G., Gobbo, S., Lossi, L., Salio, C., Vergnano, A.M., Zonta, M.
Neurotrophins in spinal cord nociceptive pathways. Progress in Brain Research.
146:291-321.
60. Obata, K., Noguchi, K. 2004. MAPK activation in nociceptive neurons and pain
hypersensitivity. Life Science. 74(21):2643-53.
61. Ji, R.R., Baba, H., Brenner, G.J., Woolf, C.J. 1999. Nociceptive-specific activation of
ERK in spinal neurons contributes to pain hypersensitivity. Nature Neuroscience.
2(12):1114-19.
55

62. Van Rossum, D., Hanisch, K., Quirion, R. 1997. Neuroanatomical localization,
pharmacological characterization and functions of CGRP, related peptides and their
receptors. Neuroscience & Biobehavior Reviews. 21:649-678.
63. Wimalawansa, S.J. 1997. Amylin, calcitonin gene-related peptide, calcitonin, and
adrenomedullin: a peptide superfamily. Critical Reviews in Neurobiology. 11:167-239.
64. Ma, W., Chabot, J.G., Powell, K.J., Jhamandas, K., Dickerson, I.M., Qirion, R. 2003.
Localization and modulation of calcitonin gene related peptide receptor component
protein-immunoreactive cells in the rat central and peripheral nervous systems.
Neuroscience. 120:677-694.
65. Poyner, D.R., Sexton, P.M., Marshall, I., Smith, D.M., Quiron, R., Born, W., Muff, R.,
Fischer, J.A., Ford, S.M. 2002. The mammalian calcitonin gene-related peptides,
adrenomedullin, amylin and calcitonin receptors. Pharmacological Reviews. 54:233-246.
66. Lee, S.K., Wolfe, S.W. 2000. Peripheral nerve injury and repair. Journal of American
Academy of Orthopedic Surgery. 8:243-252.
67. Hammond, D.L., Ackerman, L., Holdsworth, R., Elzey, B. 2004. Effects of spinal nerve
ligation on immunohistochemically identified neurons in the L4 and L5 dorsal root
ganglia of the rat. Journal of Comparative Neurology. 475:575-589.
68. Buhlmann, N., Leuthauser, K., Muff, R., Fischer, J.A., Born, W. 1999. A receptor
activity modifying protein (RAMP) 2-dependent adrenomedullin receptor is a calcitonin
gene-related peptide receptor when co-expressed with human RAMP1. Endocrinology.
140:2883-2890.
69. Kovacs, A., Telegdy, G., 1994. Behavioural impairment induced by calcitonin generelated peptide antiserum in passive avoidance reflex in rats. Neuropeptides. 26:233-236.
70. Zhou, X., Li, J.J., Yu, L.C. 2003. Plastic changes of CGRP in morphine tolerance:
behavioral and immunohistochemical study in rats. Journal of Neuroscience Research.
74:622-629.
71. Bird, G.C., Han, J.S., Fu, Y., Adwanikar, H., Willis, W.D., Neugebauer, V. 2006. Pain
related synaptic plasticity in spinal dorsal horn neurons: role of CGRP. Molecular Pain.
2:31-42.
72. Devor, M. 1991. Neuropathic pain and injured nerve: peripheral mechanisms. British
Medical Bulletin. 47:619-630.
73. Zhang, L., Hoff, A., Wimalawansa, S.J., Cote, G., Gagel, R.F., Westlund, K.N. 2001.
Arthritic calcitonin/alpha calcitonin gene related peptide knockout mice have reduced
nociceptive hypersensitivity. Pain. 89:265-273.
56

74. Chao, M.V. 1992. Neurotrophin receptors: a window into neuronal differentiation.
Neuron. 9:583-593.
75. Crowley, C., Spencer, S.D., Nishimura, M.C., Chen, K.S., Pitts-Meek, S., Armanini, M.P.,
Ling, L.H., McMahon, S.B., Shelton, D.L., Levinson, A.D. 1994. Mice lacking nerve
growth factor display perinatal loss of sensory and sympathetic neurons yet develop basal
forebrain cholinergic neurons. Cell. 76:1001-1011.
76. Mendell, L.M. 1999. Neurotrophin action on sensory neurons in adults: an extension of
the neurotrophic hypothesis. Journal of Pain Supplemental. 6:S127-S132.
77. Andreev, N.Y., Bennett, D., Priestley, J., Rattray, M., McMahon, S.B. 1994. NGF
mRNA is increased by experimental inflammation of adult rat urinary bladder. Society of
Neuroscience Abstracts. 19:108.
78. Curtis, R., Tonra, J.R., Stark, J.L., Adryan, K.M., Park, J.S., Cliffer, K.D., Lindsay R.M.,
DiStefano, P.S. 1998. Neuronal injury increases retrograde axonal transport of the
neurotrophins to spinal sensory neurons and motor neurons via multiple receptor
mechanism. Molecular Cell Neuroscience. 12:105-118.
79. Pezet, S., McMahon, S.B. 2006. Neurotrophins: Mediators and modulators of pain.
Annual Review of Neuroscience. 29:507-538.
80. Cantley, L.C. 2002. The phosphoinositide 3-kinase pathway. Science. 296:1655-1657.
81. Marte, B.M., Downward, J. 1997. PKB/Akt: connecting phosphoinositide 3-kinase to
cell survival and beyond. Trends in Biochemistry Sciences. 22:355-358.
82. Olsson, A.K., Dimberg, A., Kreuger, J., Claesson-Welsh, L. 2006. VEGF receptor
signaling-in control of vascular function. Nature review Molecular Cell Biology. 7:359371.
83. Morbidelli, L., Donnini, S., Ziche, M. 2003. Role of nitric oxide in the modulation of
angiogenesis. Current Pharmaceutical Design. 9:521-530.
84. Kim, A.H., Khursigara, G., Sun, X., Franke, T.F., Chao, M.V. 2001. Akt phosphorylates
and negatively regulates apoptosis signal-regulating kinase 1. Molecular Cell Biology.
21:893-901.
85. Ozes, O.N., Mayo, L.D., Gustin, J.A., Pfeffer, S.R., Pfeffer, L.M., Donner, D.B. 1999.
NFKB activation by tumour necrosis factor requires the Akt serine-threonine kinase.
Nature. 401:82-85.

57

86. Zhu, W., Oxford, G.S. 2007. Phosphoinositide-3-Kinase and mitogen activated protein
kinase signaling pathways mediate acute NGF sensitization of TRPV1. Molecular Cell
Neuroscience. 34:689-700.
87. Sun, R., Yan, J., Willis, W.D. 2007. Activation of protein kinase B/Akt in the periphery
contributes to pain behavior induced by capsaicin in rats. Neuroscience. 144:286-294.
88. Qiao, L.Y., Gulick, M.A. 2007. Region-specific changes in the phosphorylation of
ERK1/2 and ERK5 in rat micturition pathways following cyclophosphamide-induced
cystitis. American Journal of Physiology. 292(3):R1368-75.
89. Lowe, E.M., Anand, P., Terenghi, G., Williams-Chesnut, R.E., Sinicropi, D.V., Osborne,
J.L. 1997. Increased nerve growth factor levels in the urinary bladder of women with
idiopathic sensory urgency and interstitial cystitis. British Journal of Urology. 79(4):
572-7.

58

VITA

Sharon J. Yu was born on August 20, 1985 in San Francisco, CA. She graduated from Lucy
Ragsdale High School in 2003. She received her Bachelor of Science in Biology with a minor in
Chemistry and Religious Studies from The University of North Carolina at Chapel Hill in 2007.
Subsequently she worked at Central Dermatology Center in Chapel Hill for two years.

59

